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Abstract: 
The daily cloud cycle (DCC) and its response to global warming are critical to the Earth’s energy 
budget, but their radiative effects have not been systematically quantified. Toward this goal, here 
we analyze the radiation at the top of the atmosphere and propose a measure of the DCC 
radiative effect (DCCRE) as the difference between the total radiative fluxes with the full cloud 
cycle and its uniformly distributed cloud counterpart. We apply it to the cloud fraction from four 
climate models that participated in the second phase of the Cloud Feedback Model Inter-
comparison Project. The results allow us to objectively compare inter-model differences in the 
daily cycle of cloud fraction and their influences on the global energy balance. In particular, the 
spatial patterns of the DCC response to global warming obtained in our analysis suggest possible 
impacts on large-scale circulation. Such a framework can be used for conducting a more 
systematic evaluation of the DCC in climate models and observations with the goal to reduce 
uncertainty in climate projections. 
 
Keywords: diurnal cycle of clouds; daily cloud cycle radiative effects; climate feedback; cloud 
feedback; cloud radiative kernels; climate change. 
 
1. Introduction 
Cloud dynamics and their role in climate change are among the most important research areas in 
climate science (Stephens 2005; Bony et al. 2006; Zhang et al. 2013) and remain as one of the 
primary causes of uncertainty in climate projections (Cess et al. 1989; Boucher et al. 2013). 
Solving this difficult problem will allow to obtain more accurate simulations of cloud properties 
in the right place at the right time. While the spatial distribution of seasonal mean cloud 
properties has been extensively studied (Bony et al. 2006; Boucher et al. 2013), the behavior of 
cloud dynamics at sub-daily timescale, referred to as the daily cloud cycle (DCC), has attracted 
less attention (see however, Minnis and Harrison 1984; Bergman and Salby 1997; Yang and 
Slingo 2001; Clark et al. 2007; Taylor 2012; Pfeifroth et al. 2012; Langhans et al. 2013; Walther 
et al. 2013; Gustafson et al. 2014; Webb et al. 2015; Yin and Porporato 2017). 
While it is rather obvious that an overcast sky may either tend to warm up the surface if 
clouds take place during the night or cool down the surface if clouds are during the day, the 
effects of subtle modulations in DCC on the radiative budget are difficult to assess. Multiple 
methods have been used to quantify the radiative effects of a climate variable and its response to 
an external perturbation. The cloud radiative effect (CRE) method (Cess et al. 1989, 1990, 1996) 
analyzes the effects of clouds by comparing all-sky and clear-sky radiative fluxes at the top of 
the atmosphere (TOA). This method is relatively easy to implement in global climate modes 
(GCMs), but the effects of the cloud properties are lumped together and confounded by other 
climate variables (Zhang et al. 1994; Colman 2003; Soden et al. 2004). The partial radiative 
perturbation (PRP) method (Wetherald and Manabe 1988) uses offline radiative transfer models 
to calculate the derivatives of TOA radiative fluxes with respect to a specified climate variable. 
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To facilitate its implementation, pre-calculated values of such derivatives, referred to as standard 
radiative kernels (Shell et al. 2008; Soden et al. 2008), have been used for estimating climate 
feedbacks without rerunning their own radiative transfer models (e.g. Vial et al. 2013). More 
recently, cloud radiative kernels based on the histograms of cloud fraction have been proposed to 
analyze the feedbacks of specific types of clouds (Zelinka et al. 2012a, b; Zhou et al. 2013). All 
these methods have been extremely useful in clarifying the inter-model variations of climate 
feedbacks; however, they have not been used for analyzing the radiative effects related to the 
DCC. 
In this study, we draw from these methods and extend them to analyze the radiative effects of 
DCC. We consider the TOA radiative fluxes and isolate the DCC radiative effects from the 
effects of the daily mean cloud properties. We apply this method to the cloud-fraction results of 
four GCMs involved in the second phase of the Cloud Feedback Model Intercomparison Project 
(CFMIP-2). The paper is organized as follows: section 2 introduces the DCC and gives an 
example of daily cycle of cloud fraction. Section 3 analyzes its radiative effects by Taylor 
expanding the TOA radiative fluxes. A case study is presented in section 4 to analyze the daily 
cycle of cloud fraction and its response to global warming. Final conclusions are drawn in 
section 5. 
 
2. Daily Cloud Cycle (DCC) 
To analyze the DCC and its contribution to the Earth’s energy budget, we first define the DCC as 
the long-term climatology of daily cloud cycle with reference to a generic cloud property, c(t). 
We calculate c(t) at each local time of day (e.g. 0, 1, …, 24 hour) for each season or month at a 
specific location, where t is in local solar time within a day (0 < t <24 hours). The cloud variable 
c(t) is then decomposed into its mean, 0c , and fluctuations around it, DCCc . The latter is then 
decomposed into Fourier series as (Wood et al. 2002; Tian et al. 2006) 
0 DCC 0 ,
1
( ) ( ) cos ( )n c n
n
c t c c t c c nw t 


       , (1) 
where, nc  and ,c n  are the amplitude and phase of the nth harmonic of the daily cycle, and 
2 /w    is the angular frequency, in which   is the length of one period of the daily cycle 
(i.e., 24 hours).  
Figure 1 illustrates an example using for c the cloud fraction (f) over the Atlantic Ocean near 
Puerto Rico as simulated by the GFDL-CM3. By comparing the current (1986-2005) and future 
(2081-2100) summertime cloud fraction climatology, the daily mean cloud fraction is seen to 
decrease ( 0f =-2.52%), while the phase of the first harmonic shifts earlier ( ,1f =-2.01 hours) 
and the amplitude of the first harmonic increases ( 1f  =1.03%).  
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Figure 1. Example of daily cycle of cloud fraction near Puerto Rico over the North Atlantic 
Ocean (23N, 58.75W) in summer from GFDL-CM3 1986-2005 ‘historical’ experiment (current) 
and 2081-2100 RCP45 experiment (future). The horizontal lines mark the mean cloud fraction
0f ; the vertical lines refer to the phase of the first harmonic ,1f ; the heights of the dimension 
lines on the right of the figure indicate the change of twice the DCC amplitude of the first 
harmonic f1. 
 
3. DCC Radiative Effects 
At a specific location and time of the year, the top-of-the-atmosphere (TOA) radiative flux R in 
general depends on time of day t, as well as c itself and other climate variables, say x. This TOA 
radiative flux ( , , )R c x t  can be split into a contribution due to the mean and due to the DCC 
components. The former equals 0( , , )R c x t , while the remaining part is the DCC radiative effect: 
0DCCRE ( , , ) ( , , )c R c x t R c x t  . (2) 
We are interested in evaluating potential changes in DCCREc corresponding to situations like the 
one shown in Figure 1. Thus, assuming a period of climatic change, the radiative impact of DCC 
response to such a perturbation can be written as  
0
DCCREc c cR R    , (3) 
where ( , , ) ( , , )cR R c c x t R c x t      and 0 0 0 0( , , ) ( , , )cR R c c x t R c x t    . By expressing c as 
its Fourier representation and Taylor expanding the TOA radiative flux, one obtains 
0 ,
0 ,
1 10 ,
( , , ) ( , , ) H.O.T.,
c
c cn c n
n c n
n nn c nR
R R R
R R R
R c c x t R c x t c c
c c



 
 

  
  
         
  
   
(4) 
5 
 
where H.O.T. are the higher order Taylor series terms due to the nonlinearity of the function 
( , , )R c x t . The first term on the r.h.s. of (4) is the radiative impact due to changes in mean cloud 
property (
0c
R ), the second term refers to the impact from the amplitude modulation (
nc
R ), and 
the third term represents the impact from phase shift (
,c n
R ). Rearranging equation (4) yields 
0
1 1
H.O.T. DCCRE
n nc c c c
n n
R R R R
 
 
          , (5) 
which provides an interpretation of DCCREc  as the total radiative impacts of all the amplitude 
modulation, all the phase shift, and the corresponding higher order terms. Equations (2) and (5) 
closely resemble the formula used in CRE (Cess et al. 1989, 1990, 1996), which defines CRE as 
the all-day and clear-day radiative flux difference and estimates the total cloud radiative impacts 
as the change of CRE with the adjustment for cloud masking (Shell et al. 2008; Soden et al. 
2008). Here instead, DCCREc are first calculated considering the differences between radiative 
fluxes from the full-day cloud cycle and the fluxes from its counterpart assuming a uniformly 
redistributed c equal 0c , and then computing the DCC radiative impacts for c as the change of 
DCCREc.  
Since 0( , , )R c x t  in Eq. (2) is usually not available from climate model outputs or from 
observations, to calculate DCCREc using (5) one would need to rerun the radiative transfer codes 
in climate models. As an alternative to this direct calculation, one can approximate DCCREc by 
taking the first term of the Taylor expansion around 0c  
0 0DCCRE ( , , ) ( , , ) ( )c
R
R c x t R c x t c c
c

   

, (6) 
where the derivative /R c   is the radiative kernel for c. In this way, the standard radiative 
kernels used to assess climate feedbacks (Shell et al. 2008; Soden et al. 2008; Zelinka et al. 
2012a, b; Vial et al. 2013; Zhou et al. 2013) can be calculated at sub-daily timescale and readily 
be used to estimate the DCCRE. In the appendix, we also discuss an evaluation of DCCRE using 
a simplified energy balance model; this may be useful to provide quick estimates as well as to 
offer a transparent analytical tool to test hypotheses and explore the role of phase shift and 
amplitude modulation in DCC.  
 
4. Application to radiative effects of daily cloud fraction 
The cloud fraction (f) is of the most important cloud quantities and is critical to the Earth’s 
energy budget (Stephens 2005; Bony et al. 2006; Boucher et al. 2013). Focusing on  f has also 
the advantage that 0( , , )R f x t  in Eq. (2) can be easily obtained from CRE (Ramanathan et al. 
1989; Cess et al. 1989, 1990, 1996) as 
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clr cld clrCRE( ) ( , , ) ( , ) ( )[ ( , ) ( , )]t R f x t R x t f t R x t R x t    , (7) 
where Rclr is the clear-sky radiative flux, and Rcld is the overcast cloudy-sky radiative flux. 
Rearranging (7) yields the TOA radiative fluxes 
 cld clr( , , ) ( ) ( , ) 1 ( ) ( , )R f x t f t R x t f t R x t   , (8) 
so that 
 0 0 cld 0 clr( , , ) ( , ) 1 ( , )R f x t f R x t f R x t   . (9) 
Combining (2), (7), (8), and (9) yields 
0
0
( )
DCCRE ( , , ) ( , , ) CRE( )
( )
f
f t f
R f x t R f x t t
f t

   . (10) 
Note that both CRE and f at sub-daily time scale are required to calculate DCCREf. 
We apply Eq. (10) to four GCMs participated in the second phase of the Cloud Feedback 
Model Intercomparison Project (CFMIP-2) with half-hour (or three-hour) outputs at 
approximately 120 ‘cfSites’ around the globe. These sites have large inter-model variability in 
cloud feedbacks and have been used for improving our understanding of cloud dynamics in 
GCMs (Bony et al. 2011; Taylor et al. 2011; Webb et al. 2015). We analyze the outputs from 
AMIP experiment forced with observed sea surface temperature and AMIP4K experiment with 
4K sea surface temperature perturbation. Note that we focus on shortwave components because 
the DCC has much weaker impacts on the TOA longwave radiative fluxes (see Appendix and the 
weak daily cycle of longwave CRE in Fig. 3ab in Yin and Porporato 2017). 
As in Figure 1, we calculate the daily cycle climatology of total cloud fraction from each 
‘cfSite’ in each month from 1979-2010 for both AMIP and AMIP4K experiments. The obtained 
daily cycle climatology is then decomposed into Fourier series to find the mean, phase, and 
amplitude of the DCC. As shown in Figure 2 (a and b), the phase of the first harmonic over the 
ocean sites from all models are quite consistent but the phases over the continental sites from 
CNRM-CM5 are much closer to the noon. After 4K surface temperature perturbation in the 
AMIP4K experiment, the phase does not show significant change in all GCMs (see Figure 2 c 
and d). To assess how the inter-model variability of DCC influences the TOA radiative fluxes, 
we apply Eq. (10) to the daily cycle climatology of cloud fraction to calculate the DCCREf for all 
‘cfSites’ in each month. Figure 2 e and f show the shortwave DCCRE f  from the AMIP 
experiment averaged over all 12 months. The results show that clouds peaking at noon over the 
land in CNRM-CM5 (see Figure 2a) tend to reflect more solar radiation so that the 
corresponding DCCREf have much lower values than those from other GCMs (see Figure 2e).  
To investigate the DCC response to warming, we then calculated the change of its radiative 
effects ( DCCRE f ) from the AMIP experiment forced with observed sea surface temperature to 
the AMIP4K experiment with 4K perturbation.  As shown in Figure 2 g and h, DCCRE f  are 
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an order of magnitude smaller than DCCRE f . These results are also consistent with the study 
of Webb et al. (2015), which concludes that the daily cloud cycle may have a limited response to 
global warming.  
Although the overall DCC response is weak, it may be significant in certain regions. Figure 3 
presents the geographical patterns of  DCCRE / CREfr     in the month of February. Some 
locations have strong positive DCC radiative impacts, while there are strongly negative impacts 
in other places. Such spatial patterns, although resulting in a limited impact on the global mean 
energy budget, have the potential to modify the regional radiation balance and in turn influence 
large-scale circulations. 
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Figure 2. Daily cycle of cloud fraction and its radiative effects. The top four panels show the 
empirical probability density function (PDF) of the phase of the first harmonic of the cloud 
fraction, ,1f , from (a and b) AMIP and (c and d) AMIP4K experiments over the (a and c) land 
and (b and d) ocean at all ‘cfSites’ in four GCMs. The bottom four panels are the corresponding 
shortwave DCCRE f and DCCRE f . The DCCREf have been averaged over all months over the 
(e) land and (f) ocean at the ‘cfSites’ during 1979-2010 from AMIP experiment; the DCCRE f  
over the (g) land and (h) ocean at ‘cfSites’ compares the DCCRE f  from AMIP and AMIP4K 
experiments.  
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Figure 3. Spatial distribution of  DCCRE / CREr     from four GCM outputs at ‘cfSites’. 
Location with CRE  < 2 W m-2 are removed which may have meaningless large r. The colors 
show the value of r and the sizes represent the absolute values of CRE . 
 
5. Conclusion 
We have analyzed the daily cloud cycle radiative effects (DCCRE), expressed as
0( , , ) ( , , )R c x t R c x t , which measures the differences of TOA radiative flux from full-day cloud 
cycle and from its counterpart with uniformly redistributed 0c . The proposed DCCRE method 
not only can be used to estimate the radiative impacts of DCC on current climate conditions but 
also can be applied to assess the DCC feedbacks. Our application to climate model outputs 
revealed large inter-model variations of radiative impacts of daily cycle of cloud fraction. The 
spatial patterns of DCC response to global warming in particular suggests a potential impacts on 
large-scale circulation, one of the key factors for climate projection (Stevens and Bony 2013; 
Stocker 2014).  
The framework proposed is general to any cloud property. A comprehensive assessment of 
DCCRE could then be conducted once different cloud properties and their radiative kernels are 
available at sub-daily timescales. Such an assessment may provide valuable information to target 
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particular aspects of cloud parametrization and the patterns of large-scale circulation, hopefully 
contributing to a better understanding of the uncertainties in climate projections. 
 
Appendix: Minimalist radiative balance model 
To provide a direct and relatively simple alternative to explore the radiative effects of TOA 
radiative fluxes, we also computed the radiative components using a minimalist radiative balance 
model (Lenton and Vaughan 2009; Kaper and Engler 2013; Hartmann 2015). Although 
simplified, the approach offers a transparent tool to test hypotheses and readily explore the role 
of phase shift and amplitude modulation in DCC. 
For simplicity we consider a one-layer troposphere comprised of a fraction f of clouds and a 
fraction 1-f of greenhouse gas (see Figure A1). 
 
Figure A1 Schematic diagram of radiation components for the minimalist radiative balance 
model. The dotted area and cloud-shaped areas represent layers of clear and cloudy atmosphere, 
respectively. In (a), the solar radiative flux passes through the clear atmosphere, while it is 
partially reflected and absorbed by the clouds with albedo c  and fractional absorption ca . In 
(b), the clear atmosphere is assumed to be a grey body with emissivity g , which absorbs and 
reemits the longwave radiation; the clouds also redistribute the longwave radiation in the same 
manner but with much higher emissivity c . 
 
The net shortwave radiation at the tropopause can be expressed as a combination of the 
shortwave radiations from cloudy/clear sky weighted by cloud fraction f 
,clr ,cld( ) [1 ( )] ( ) ( ) ( )s s sR t f t R t f t R t   , (A1) 
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where  
,clr ( )[1 ]s sR S t   , (A2) 
and 
2
,cld ( )(1 ) ( )(1 ) ... ( ) (1 ) (1 )
1
s
s c c c s c c c
s c
R S t S t a S t a

    
 
 
           
 
, (A3) 
where c  and ca  are cloud albedo and fractional absorption, s  is surface albedo, and S is the 
solar radiative flux reaching the tropopause. 
The net longwave radiative flux is 
,clr ,cld( ) [1 ( )] ( ) ( ) ( )l l lR t f t R t f t R t   , (A4) 
where  
4 4
,clr (1 ) ( ) ( )l g s g gR T t T t      , (A5) 
and  
4 4
,cld (1 ) ( ) ( )l c s c cR T t T t      , (A6) 
where   is Stefan–Boltzmann constant, g  is bulk longwave emissivity of the simplified 
greenhouse gas layer in the clear sky, c  is the bulk longwave emissivity of the cloudy 
atmosphere, and Tc, Tg, and Ts are the temperature of the cloudy layer, the greenhouse gas layer, 
and the earth surface. 
The impact of the DCC on radiation can now be illustrated with reference to the example in 
Figure 1. The ocean surface albedo is set as 0.1, while the cloud albedo and shortwave emissivity 
are modeled using well-established empirical functions of cloud water path and solar zenith 
angle (Stephens 1978). An in-cloud water path of 113 g m-2 and the daily cycle of sea surface 
temperature are obtained from the GFDL-CM3 outputs. For the longwave radiation, the energy 
in the atmospheric layer is assumed to be in equilibrium ( 1/41/ 2g c sT T T  ) (Bohren and 
Clothiaux 2006; Hartmann 2015). The clouds are assumed to behave like a blackbody due to the 
fact that water drops are efficient absorbers/emitters of longwave radiation, and the clear 
atmosphere is assumed to have emissivity of 0.78 (Bohren and Clothiaux 2006). 
Figure A2 shows the impacts of phase and amplitude of the first harmonic on the daily-
averaged radiative fluxes for the example in Figure 1. The radiative impacts of phase ,1t  on both 
shortwave and longwave radiations are more significant under larger amplitude f1. With constant 
daily mean value f0, clouds peaking at noon reflect much more solar radiation, while longwave 
emission from surface peaks in the afternoon due to the maximum sea surface temperature. 
When clouds peak at this time, slightly more longwave radiation is trapped, as the daily surface 
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temperature amplitude is only about 0.1K. The impacts of DCC on longwave radiation are 
negligible, unless the cloud structure has significant daily variations (Bergman and Salby 1997; 
Taylor 2012). 
 
Figure A2 Daily-averaged TOA (a) shortwave and (b) longwave radiative fluxes as functions of 
amplitude and phase of the first harmonic of the cloud fraction for the example in Figure 1. The 
gradients show the impacts of DCC amplitude and phase has strong impact on the shortwave 
radiation but negligible influence on the longwave one. 
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